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ABSTRACT  The  phosphorylated  intermediate  in  the  (Na  -[-  K)-activated 
adenosine  triphosphatase  (Na-K  ATPase)  has  been  characterized  as  an  L- 
glutamyl-3'-phosphate residue  in  the  enzyme.  This  has  been  accomplished  by 
digestion  of the  phosphorylated  and  nonphosphorylated  forms of the  enzyme 
with pepsin, reaction  of the pepsin digests with [2,3-3H]N-(n-propyl)hydroxyl- 
amine, further digestion of the derivatized peptides with pronase in the presence 
of  carrier  L-glutamyl-3'-N-(n-propyl)hydroxamate  and  carrier  L-aspartyl-N- 
(n-propyl)hydroxamate,  and  chromatographic  purification.  An  increment  in 
radioactivity  migrated  with  authentic  L-glutamyl-3'-N-(n-propyl)hydroxamate 
in  a  total  of seven  electrophoretie  and  chromatographic  systems  and  on  gel 
filtration.  No  increment  in  radioactivity  was  associated  with  authentic  L- 
aspartyl-/~-N-(n-propyl)hydroxamate in  five out  of the  seven chromatographic 
and  electrophoretic  systems.  At  the  last stage  of purification  the  radioactivity 
from  the  phosphorylated  enzyme  which  migrated  as  L-glutamyl-'y-N-(n- 
propyl)hydroxamate was  2~  times  that from the  nonphosphorylated  enzyme. 
On  the  basis  of  these  results  it  is  concluded  that  the  phosphorylated  inter- 
mediate in  the  Na-K ATPase is  an  L-glutamyl-3,-phosphate residue.  The  beef 
brain Na-K ATPase has been solubilized with  the  nonionic  detergent,  Lubrol, 
and  has  been  purified  10  times  over  that  in  the  original  microsomes.  The 
soluble enzyme remains stable in  the  presence of ATP  and  either  Na  ~  or  K +. 
If the  partially purified  enzyme is electrophoresed  in  3 %  polyacrylamide, fol- 
lowed by incubation with ATP,  Na  +,  K +,  and  Mg  ~  +,  a  single,  somewhat  dif- 
fuse,  ATPase  band,  which  is  ouabain-sensitive  is  seen.  Protein  impurities  are 
also seen on the gel. Gel electrophoresis, after treatment of the partially purified 
enzyme with  phenol-acetic  acid-urea,  shows  about  12  discrete  protein  bands. 
Studies  on  the  site-directed  alkylation  of the  (Na  +  K)-activated  adenosine 
triphosphatase with haloacetate derivatives of cardiotonic steroids are reviewed. 
Efforts are now underway to specifically alkylate the cardiotonic  steroid site of 
the  Na-K  ATPase  with  hellebrigenin  3-[2-3H]iodoacetate  and  to  purify  the 
subunit of the enzyme containing the cardiotonic steroid site by following radio- 
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activity.  Finally,  a  working  model  for  the  role  of  the  Na-K  ATPase  in  the 
coupled transport of Na and K  is presented. 
It is now generally accepted that the unequal distribution of Na and K  across 
animal cell membranes is due to an active transport mechanism in the mem- 
brane  which  drives  Na  out  against its  electrochemical gradient and  which 
drives  K  in  against  its  electrochemical  gradient.  This  "Na-K  pump"  is 
fundamental to many physiological processes.  It underlies nerve and muscle 
excitability, it is involved in renal regulation of electrolyte balance,  and it is 
involved in  transport and  secretion in glands and  epithelial structures.  The 
movements of Na and K  are coupled, and the energy source for their active 
transports is ATP.  It is reasonable to assume that ATP would be hydrolyzed 
in the overall process of Na and K  transport, and in  1957 Skou  (1)  found an 
adenosine triphosphatase  (ATPase)  in the microsomal fraction of crab nerve 
which was stimulated by Na, and this Na stimulation was much greater if K 
was also present. Skou suggested that this ATPase may be related to the Na-K 
pump.  Later  studies  on  erythrocyte  membranes  by  several  groups  (2-4) 
established that the pump and the ATPase share many features in common. 
These studies on the erythrocyte membrane and work by many other investi- 
gators on a variety of preparations from many tissues have left little doubt that 
this  (Na  q-  K)-activated adenosine triphosphatase  (Na-K ATPase)  is some- 
how  involved in  the  Na-K  pump  and  may in  fact  be  the  Na-K  transport 
machine  itself.  The  Na-K  ATPase  has  been  reviewed  by  several  authors 
(5-9).  One interesting feature of the Na-K ATPase is that it is inhibited by 
low concentrations of cardiotonic steroids such as ouabain or strophanthidin, 
which also inhibit the Na-K pump. 
Our  studies  of the  Na-K  ATPase  have  been  along  several  lines,  among 
these  are:  (a)  characterization of a  phosphorylated intermediate in  the  en- 
zyme;  (b)  purification of the native enzyme; and  (c)  affinity labeling of the 
cardiotonic steroid site. 
CHARACTERIZATION  OF  A  PHOSPHORYLATED  INTER- 
MEDIATE  IN  THE  ENZYME  AS  AN  L-GLUTAMYL-'y-PHOS- 
PHATE  RESIDUE 
Studies by Post  and  his  associates  (10),  by Albers  and  his  colleagues  (1 1), 
and  by others have pointed  to  a  phosphorylated intermediate in  the Na-K 
ATPase which is formed in the presence of Na and which is split in the pres- 
ence of K.  This is  based  on  the observation that 32p  was  transferred to  the 
particulate  enzyme when  it  was  incubated  with ATP-3,-~2P,  Mg,  and  Na, 
followed by rapid  dephosphorylation if K  was  added.  Both  processes  were 
inhibited by cardiac glycosides (10-12).  These reactions may be formulated LOWELL E.  HO~IN  Molecular  Characterization of Sodium-Potassium Transport  329 s 
as follows: 
Mg, Na 
ATP q- enzyme  ~  ' 
K 
Enzyme ~-~ P  q-  H20 
Enzyme ~-~ P  q- ADP 
Enzyme n  t-  orthophosphate 
Net: ATP q-  H20 
Na, Mg 
K  ADP  q-  orthophosphate 
This phosphorylated  intermediate  appeared  to be an  acyl phosphate  since 
it was alkali  labile  (10),  and  more importantly,  it was released  as inorganic 
phosphate  by  hydroxylamine  at  acidic  pH  (12,  13)  and  by  purified  acyl 
phosphatase  (12).  If the acyl phosphate residue were not C-terminal  it would 
most  likely  be  either  L-aspartyl-/~-phosphate  or  L-glutamyl-3,-phosphate. 
These  compounds  are  themselves extremely  unstable,  especially L-glutamyl- 
3,-phosphate,  which rapidly cyclizes to pyrrolidone  carboxylic acid,  splitting 
out  inorganic  phosphate.  In  fact,  no  one  has  succeeded  in  synthesizing  L- 
glutamyl-3,-phosphate  for this reason.  We therefore decided to derivatize  the 
acyl phosphate with a  radioactive hydroxylamine and  to isolate the resulting 
hydroxamate  after enzymatic hydrolysis of the protein.  Hydroxylamine itself 
could not be used for this purpose because it cannot be made radioactive  in 
atoms  which  do  not  exchange  with  water.  We  therefore  tested  a  series  of 
W-substituted  hydroxylamines  for  their  ability  to  release  a~p  from  the  phos- 
phorylated  enzyme,  and  several  compounds  appeared  effective  (14).  Two 
problems  had  to  be  met  in  the  synthesis of a  radioactive  N-substituted  hy- 
droxylamine.  We  required  reagent  quantities,  because  hydroxylaminolysis 
requires  concentrations  of about  0.1-0.5  M.  Secondly,  we needed  very high 
specific  activities  of  the  hydroxylamine  compound  because  of  very  small 
amounts  of the acyl phosphate  present  in  the  best preparations  (about  100- 
500  pmoles/mg  protein).  The  synthesis  of  [2,3-aH]W-(n-propyl)hydroxyl - 
amine  (aH-PHA)  met  both  of these  requirements  (14). 
In order  to detect a  radioactive  propylhydroxamate derivative of the acyl 
phosphate  it  was  necessary  to  prepare  the  phosphorylated  and  nonphos- 
phorylated forms of the enzyme and  to follow all subsequent steps in parallel 
with  material  from  these  two  forms.  This  was  necessitated  by the  fact  that 
there is considerable blank labeling of the protein due  to  the  high  reactivity 
of propylhydroxylamine. The rationale  was to look for an increment in radio- 
activity  between  material  from  the  nonphosphorylated  and  the phosphoryl- 
ated  forms of the enzyme  at  each step in  the  procedure.  Figs.  1 and  2  show 
the general procedure for preparation  and isolation of material which showed 
an  increment  in  radioactivity  between  the  nonphosphorylated  and  phos- 
phorylated  forms of the enzyme.  Essentially,  this involved incubation  of two 33  °  s  TRANSPORT  ADENOSINE  TRIPHOSPHATASE 
batches  of deoxycholate-treated  guinea  pig  microsomal  enzyme  with  non- 
radioactive ATP, Mg,  and Na with one of these batches containing K  to keep 
it in the nonphosphorylated form. Alternatively,  the nonphosphorylated and 
phosphorylated  enzyme could  be  prepared  by incubating  without  and  with 
Na.  The  enzyme was  then denatured  with  perchloric acid,  hydrolyzed with 
+ No*  he=  ~  + No  +, 80 mM  80- raM/  ATP...  ~  K+,'20 mM 
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FIGURE  1.  Preparation  of  [2,3-3HJN-(n-propyl)hydroxylamine-derivatized  pepsin 
digests of the phosphorylated and nonphosphorylated forms of the Na-K ATPase.  The 
phosphorylated and nonphosphorylated forms of the Na-K ATPase were  prepared by 
incubation with Na or with Na  +  K, respectively. All procedures  are as described  by 
Kahlenberg et al. (15). LOWELL E.  HOKIN  Molecular  Characterization of Sodium-Potassium Transport  331  s 
pepsin,  and  the  peptides  reacted with  3H-PHA,  After removal of the unre- 
acted aH-PHA on Biogel P-10 a peptide fraction containing most of the incre- 
ment  in  radioactivity  was  isolated  by  chromatographic  methods,  and  this 
was further hydrolyzed with  pronase  in  the  presence of carrier L-glutamyl- 
3,-N-(n-propyl)hydroxamate  (GPH)  and  L-aspartyl-~-(N-propyl)hydroxa- 
amate  (APH)  (Fig.  2).  After further chromatographic  purification  steps,  as 
shown in  Fig.  2,  an increment in radioactivity was seen which cochromato- 
graphed with carrier GPH  in  a  total of seven chromatographic and electro- 
phoretic systems and on gel filtration on Sephadex G-10  (15). Fig.  3 shows an 
Derivatized Pepsin Digest 
I  Chromatography on Biogel P-2 
Derivatized Peptides with tool wt up to 2200 
in butanol-ether-water  (2 : 1 : 1  )  Chromatography 
Derivatized Peptides with R! 0-0.24 
Digestion with pronase for  10 hr at 20°C in presence of carrier APH and GPH followed 
by chromatography in butanol-ethanol-water  (2:1 : l) 
"'Delta" in APH and GPH  Regions 
I  Paper eleetrophoresis of pooled APH and GPH  regions at pH 2.0 at 4000 v for 25 min 
"Delta" in APH and GPH Regions 
Paper eleetrophoresis of pooled APH and GPH regions at pH 3.5 at 4000 v for 3 hr 
FmURE 2.  Isolation of "delta" radioactivity corresponding  with authentic L-glutamyl- 
3,-N-(n-propyl)hydroxamate.  The  above flow diagram  explains  procedures  which were 
carried  out after  pepsin  digests  of the  phosphorylated  and  nonphosphorylated  forms  of 
the  Na-K ATPase  were  derivatized  with  3H-PHA.  The  details  of the  methods  are  de- 
scribed elsewhere (15). 
example  with  one  system  (gel  filtration  on  Sephadex  G-10).  Some  higher 
molecular weight material showing some increment in radioactivity was also 
seen on gel filtration. This was presumably peptides which contained a  GPH 
residue  and  which  had  resisted  complete  digestion  by  pronase.  This  was 
indicated by the fact that stepwise cleavage of N-terminal amino acids from 
the peptides by the carbon disulfide method (16) volatilized the increment in 
radioactivity at the acidification step. This would be expected of a  glutamyl- 
"y-propylhydroxamate residue  upon  becoming  N-terminal,  The  molecular 
weight, determined by gel filtration,  of the material giving the major incre- 
ment  in  radioactivity  agreed  well  with  the  calculated  molecular weight of 
GPH.  No increment in radioactivity was associated with carrier APH in five 332  s  TRANSPORT  ADENOSINE  TRIPHOSPHATASE 
out of the seven chromatographic  and electrophoretic systems. The final yield 
of increment  material  was low,  due  to  instability  of APH  and  GPH  and  to 
incomplete digestion  of the peptides to the  amino  acid  propylhydroxamates. 
However,  in  six  separate  experiments  a  statistically  significant  increment  in 
radioactivity  was  observed  at  the  step  following  removal  of unreacted  aH- 
PHA which was of the right  magnitude,  based on  the level of a2P-acyl phos- 
phate  (15).  At the final  stage of purification  the radioactive material  derived 
from the phosphorylated  form of the enzyme and  coinciding  with GPH had 
21/~  times  the  radioactivity  of  the  corresponding  material  from  the  non- 
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FICURE  3.  Gel  chromatography  on  Sephadex  G-10  of  partially  purified  derivatized 
enzyme  digests  of phosphorylated  and  nonphosphorylated  Na-K  ATPase.  Radioactive 
material  from  the  pooled  GPH  and  APH  bands  obtained  after  electrophoresis  at  pH 
2.0 (Fig. 2) was chromatographed on Sephadex G-10. Authentic aH-GPH (solid squares), 
material  from  the  phosphorylated  enzyme  (open  circles),  and  material  from  the  non- 
phosphorylated  enzyme  (solid  circles)  were  separately  chromatographed  on  the  same 
column as described  elsewhere  (15). 
II0 
phosphorylated  enzyme.  An  increment  in  radioactivity  was  obtained  with 
either  of the  two methods  of preparation  of the  nonphosphorylated  form  of 
the  enzyme;  i.e.,  incubation  with  no  monovalent  cation  or incubation  with 
Na  +  K.  On  the basis of these results we conclude that  the phosphorylated 
intermediate in the Na-K ATPase is an L-glutamyl-f,-phosphate residue in the 
enzyme. 
SOLUBILIZATION  AND  PARTIAL  PURIFICATION  OF 
THE  NA-K  ATPASE 
Our  understanding  of the  function  of the  Na-K  ATPase  in  transport,  and 
indeed  the  possible  elucidation  of the  mechanism  of Na  and  K  transport, LOWELL E.  HOKIN  Molecular  Characterization of Sodium-Potassium Transport  333  s 
probably depends on the purification  of the enzyme.  We have therefore em- 
barked  on a  major effort in this direction.  When we undertook this problem 
the solubilization  of the  enzyme and  the  maintenance  of activity in  solution 
over  reasonable  periods  of time  had  not  been  reported.  However,  we  suc- 
ceeded  in  doing  this  with  the  nonionic  detergent,  Lubrol,  and  appropriate 
stabilizing  agents  (17).  Stability  required  the  presence  of ATP  and  either 
Na or K. The apparent  "Km's"  for stabilization  by Na or K  were exactly the 
same  as the respective Km's  for  activation  of the  enzyme.  This  suggests  that 
the sites for stabilization  are the same as those for activation and  that binding 
of either  cation  at  its site places the  enzyme in  a  more  stable conformation. 
When  the  Lubrol-solubilized  guinea  pig  brain  microsomal  enzyme  was 
chromatographed  on  6 %  agarose  the Na-K  ATPase  eluted  as a  single  peak 
with  an  apparent  molecular  weight  of  670,000  (17).  The  same  apparent 
TABLE  X 
PURIFICATION  OF  THE  NA-K  ATPASE  FROM  BEEF  BRAIN  MICROSOMES 
Step  Specific activity  Total activity  Total protein 
I.Lmoies Pi/mg 
protdn/hr  t~moles Pi/hr  mg 
Microsomes  14.8  15100  1020 
NaI-treated microsomes  38.7  13600  352 
Lubrol-treated NaI-microsornes  28.3  8210  290 
Lubrol extract  43.8  2280  52 
Pellet  117  1560  13.4 
CMC-eluate  153  1150  7.5 
The method of purification is described by Kahlenberg et al.  1 The transparent, colorless, gelat- 
inous  pellet  was  obtained  after  centrifugation  at  115,000  g  for  18  hr.  It readily  redissolved in 
buffer.  The  CMC-eluate  refers  to  material  which  eluted  in  the  void  volume  after  pass- 
ing a solution of the Na-K ATPase over carboxymethyleellulose. 
molecular  weight  was obtained  with  a  Lubrol-solubilized,  NaI-treated  beef 
brain enzyme (18). We do not know what percentage of this molecular  weight 
is due to bound Lubrol and  lipids but it should be noted  that  the  molecular 
weight determined  by gel filtration is ahnost three times the molecular  weight 
determined  by  radiation  inactivation  of  the  Na-K  ATPase  in  membranes 
(19). 
On sucrose density gradient  centrifugation  of the Lubrol-solubilized  Na-K 
ATPase  from  Nal-treated  beef brain  microsomes,  the  Na-K  ATPase  was 
partially separated from the ouabain-insensitive ATPase, suggesting  that they 
are different  proteins  (18).  At equilibrium  the  density of the Na-K  ATPase 
was  1.05,  which  is  intermediate  between  the  densities  of the  c~-  and  ~-lipo- 
proteins of serum. These observations strongly suggest that the Na-K  ATPase 
is  a  lipoprotein.  Sucrose density  centrifugation  removed  free  Lubrol,  which 
stayed at the top of the tube, and the enzyme remained in solution. This indi- 334  s  TRANSPORT  ADENOSINE  TRIPHOSPHATASE 
cates that once the enzyme is solubilized it remains soluble in the absence of 
free  detergent;  however,  it  is  likely that  detergent  remains  bound  to  the 
enzyme. 
If the Lubrol extract was centrifuged at 114,000  ×  g for 20 hr a gelatinous, 
colorless, and transparent pellet formed at the bottom of the tube. This pellet 
contained essentially all of the Na-K ATPase activity of the Lubrol extract; 
FmURE  4.  Gel  electrophoresis 
of  partially  purified  Na-K 
ATPase  on  polyacrylamide. 
Partially purified Na-K ATPase 
was  electrophoresed  in  3%  (A 
and  B)  and  6%  (C  and  D) 
polyacrylamide  gel  and  stained 
for Na-K  ATPase,  as  described 
elsewhere. 1 In A  and C  ouabain 
was also included in the incuba- 
tion  medium. 
about two-thirds of the total protein remained in the supernatant fluid, giving 
about a  three-fold purification of the enzyme. Most of the  Lubrol was also 
removed.  The  pelleted  Na-K  ATPase  could  be  redissolved  in  buffer  and 
further  purified  somewhat  by  chromatography  on  carboxymethylcellulose. 
Table  I  shows the purification steps. 1 The final enzyme solution was water- 
1 A. Kahlenberg, N. Dulak, J. F. Dixon, P. Galsworthy, and L. E. Hokin. 1969. Studies on the char- 
acterization  of the  sodium-potassium  transport  adenosinetriphosphatase.  V.  Partial  purification 
of the Lubrol-solubilized beef brain enzyme. Arch. Biochem.  Biophys. LOWELL E.  HOKIN  Molecula~ Characterization of Sodium-Potassium Transport  335  s 
clear  and  essentially free  of all  unbound  Lubrol.  It  had  a  specific  activity 
which was  10-15 times that of the original microsomes and 3.5-5.5 times that 
of the Nai-treated microsomes. The purified enzyme was rather stable, losing 
only 10-15 % of its activity on storage at 0°C for 6 days. 
If the  purified  enzyme was  chromatographed on  6 %  agarose  two  Na-K 
ATPase peaks were observed,  one in the void volume  (mol wt greater than 
2  ×  106) and one in usual position, giving an apparent molecular weight of 
670,000.1  Similar  results  were  obtained  with  the  pelleted  enzyme.  Since  a 
single peak of Na-K ATPase with an apparent molecular weight of 670,000 
FIGURE  5.  Gel electrophoresis 
of  protein from the  partially 
purified  Na-K  ATPase after 
extraction of lipids and  treat- 
ment  with  phenol-acetic acid- 
urea.  The  methods are  de- 
scribed elsewhere,  l 
was obtained on chromatography of Lubrol extracts on agarose we conclude 
that pelleting of the enzyme caused partial aggregation. 
JWe were successful in developing a  stain for ouabain-sensitive ATPase on 
polyacrylamide gel? This involved incubation of the gel with ATP,  Mg,  Na, 
K,  and without and with ouabain, followed by staining for inorganic phos- 
phate. Fig. 4 shows the results of running Lubrol extracts in 3 % and 6 % poly- 
acrylamide gels.  A  single,  somewhat diffuse, ATPase band ran  in  3 % poly- 
acrylamide (Fig. 4, B)  but did not enter 6 % polyacrylamide (Fig. 4, D). This 
is consonant with the apparent molecular weight of the enzyme of 670,000, 
obtained on gel filtration. No ATPase band was seen if the incubation of the 
gel with ATP was carried out in the presence of ouabain  (Fig. 4, A  and C). 
Staining for protein gave  a  more diffuse reaction,  suggesting that there was 
some separation of Na-K ATPase from protein on disc gel electrophoresis. 
We  could  not  obtain  sharp  resolution  of proteins on running either  the 336  s  TRANSPORT  ADENOSINE  TRIPHOSPHATASE 
Lubrol  extract  or  the  partially  purified  Na-K ATPase preparation  with a 
variety of polyacrylamide gels,  buffers,  and  electrophoresis temperatures.  It 
was necessary to remove  the  lipids  and  solubilize  the  proteins with phenol- 
acetic acid-urea in order to obtain sharp resolution of proteins (Fig. 5).  If the 
proteins, so  treated, were run on polyacrylamide gels approximately 12 pro- 
tein bands could be seen with the partially purified Na-K ATPase. This gives 
an  idea  of the  impurity of the  preparation  and  also  suggests  that  in order 
to get sharp separation of membrane lipoproteins it is necessary first to extract 
lipids and denature the proteins. 
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FICURE  6.  Structures  of  cardiotonic  steroids.  STR  =  strophanthidin;  SIA  =  stro- 
phanthidin  3-iodoacetate;  SBA  =  strophanthidin  3-bromoacetate;  HEL  =  hellebri- 
genin;  HA  =  hellebrigenin  3-acetate;  HDA  =  hellebrigenin  3,5-diaeetate;  HIA  = 
hellebrigenin 3-iodoacetate;  and  HBA  =  hellebrigenin 3-bromoacetate.  Figure reprinted 
by permission from  Science, 1968,  159.'1354. 
SITE-DIRECTED  ALKYLATION  OF  THE  NA-K  ATPASE 
BY  STROPHANTHIDIN  g-HALOACETATES  AND  HELLE- 
BRIGENIN  3-HALOACETATES 
Another approach to the purification of at least a subunit of the Na-K ATPase 
is labeling of the enzyme with a site-directed alkylating agent and purification 
of the protein by following radioactivity. With this approach one can disregard 
instability of the enzyme and use more drastic methods for purification, al- 
though what one will learn in  the end will be  more limited. The use of an 
alkylating derivative of a  cardiotonic steroid  seemed  a  feasible approach  to 
specifically alkylating the Na-K ATPase at the cardiotonic steroid site.  For 
this purpose a series of strophanthidin derivatives were prepared  (20), and we 
finally found two compounds,  strophanthidin 3-iedoacetate  (SIA)  and  stro- 
phanthidin 3-bromoacetate  (SBA)  which appeared  to be irreversible inhibi- 
tors of the Na-K ATPase  (21,  22).  Fig.  6 shows the structures of cardiotonic 
steroids which have been used in these studies. LOWELL E.  HOKIN  Molecular Characterization of Sodium-Potassium Transport  337  s 
In the earlier  studies the standard  procedure was to preincubate  the particu- 
late  Na-K  ATPase  preparation  with  the  test  compound,  wash  until  all  of the 
unbound  steroid  was removed,  and  then  assay  for residual  Na-K  ATPase  ac- 
tivity  (Fig.  7). With  10  4 M strophanthidin  the enzyme was inhibited  over 90 % 
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FIGURE 7.  Reversible  and irreversible  inhibition of the Na-K ATPase by steroids  and 
iodoacetate. Guinea pig brain enzyme was incubated for 3 hr at 37°C with the indicated 
compounds described by Hokin et al.  (21).  One sample of the enzyme was then washed 
two times with sucrose (open bars) and this enzyme along with unwashed enzyme (hatched 
bars)  was assayed for Na-K ATPase  activity.  Abbreviations:  STR  =  strophanthidin; 
SA  =  strophanthidin  3-acetate;  IA  =  iodoacetate;  DASA  =  5,14-dianhydrostro- 
phanthidin  3-acetate; DASIA  =  5,14-dianhydrostrophanthidin  3-iodoacetate; SIA  = 
strophanthidin  3-iodoacetate;  and  SBA  =  strophanthidin  3-bromoacetate.  All  com- 
pounds were 0.1  mM. Figure reprinted by permission from  Proc. Nat.  Acad. Sci.  U.S.A.  1966, 
55." 797. 
before washing,  but  activity was fully restored  after two to three washes  (22). 
This indicates that the reaction of the cardiotonic steroid at its site on the Na-K 
ATPase  is fully reversible  under  appropriate  conditions.  Similar  results  were 
obtained  with  strophanthidin  3-acetate.  SIA  and  SBA inhibited  the  enzyme 
over 90 %  before washing,  but  after  washing  only about  10-20  %  of the initial 338  s  TRANSPORT  ADENOSINE  TRIPHOSPHATASE 
activity was recovered. The inhibition was not due to the haloacetate func- 
tion  alone,  because  an  equimolar  concentration  of iodoacetate did  not  in- 
hibit the enzyme. It could be argued that the cardiotonic  steroid  altered  the 
conformation of the enzyme so the latter became more sensitive to irreversible 
inhibition by any haloacetate.  However,  if the enzyme was incubated with 
strophanthidin plus iodoacetate the activity was fully recovered after washing. 
Attachment of the haloacetate to a  biologically inactive steroid was also  in- 
sufficient for  irreversible  inhibition:  5,14-dianhydrostrophanthidin  acetate 
and  5,14-dianhydrostrophanthidin  3-iodoacetate  were  inactive  before  or 
after washing. It could also be argued that the apparent irreversible inhibition 
by strophanthidin haloacetates was due to a  much higher affinity of the stro- 
phanthidin haloacetates for the  enzyme than  strophanthidin.  However,  the 
kinetics of recovery of enzyme activity on washing argued against this.  The 
lower  the  apparent  Ki  for  a  particular  reversibly acting  steroid  the  more 
washes  were  required  for recovery  of activity  (21,  22),  but  with  sufficient 
washes full activity could be recovered with any steroid which did not contain 
a  haloacetate function. On the other hand, compounds such as SIA or SBA 
showed partial recovery of enzyme activity after one to two washes but there 
was  no  further  recovery  on  continued  washing  (21).  Further  evidence  for 
alkylation was that if SIA was pretreated with cysteine before incubation so 
as to react with all of the haloacetate function the inhibition of the enzyme 
became fully reversible  (21). 
On the basis of these results we synthesized strophanthidin 3-[ 1-I4C  1 brolno- 
acetate  (SBA-14C).~ We were  disappointed,  however,  to  see  a  considerably 
greater number of sites labeled with SBA-14C than predicted from the number 
of Na-K ATPase molecules in the preparation (calculated from the number of 
L-glutamyl-3,-phosphate residues in the preparation which had been formed 
in  the presence of Na  and ATP-7-32P)  (12).  Attempts to prereact  all of the 
nonspecific sites by preincubation in the presence of cold SBA and strophan- 
thidin were not very successful because conditions for  obtaining  full  protec- 
tion with strophanthidin could not be  achieved.  However, we could reduce 
the background labeling of the enzyme by 90 % with hydrophobic haloacetate 
compounds such as N-(2-bromoacetyl)aniline, which did not inhibit the en- 
zyme. But even  then  the  labeling  was manyfold greater  than  that we  pre- 
dicted  for  the  number  of cardiotonic  steroid  sites.  A  steroid  haloacetate of 
considerably higher affinity was clearly needed. About this time we found that 
hellebrigenin compounds had  a  much higher affinity for the Na-K  ATPase 
than strophanthidin compounds (22).  Hellebrigenin differs from strophanthi- 
din only in its lactone ring (Fig. 6), but it has 35 times the affinity of strophan- 
2 A.  E.  Ruoho,  P.  A.  Meitner,  and  L.  E.  Hokin.  1969.  Studies  on  the  characterization  of  the 
sodium-potassium transport  adenosinetriphosphatase.  III.  Synthesis  of  strophanthidin  3-[1-14C] 
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thidin for the enzyme, and hellebrigenin 3-iodoacetate (HIA) was found to be 
100  times more potent as an irreversible inhibitor than SBA.  HIA was con- 
siderably more potent than hellebrigenin 3-bromoacetate  (HBA),  in keeping 
with the superior alkylating power of iodoacetates as compared with bromo- 
acetates.  The  relative  alkylating  powers  of HBA  and  SBA  paralleled  the 
affinities of their respective unesterified steroids; this is further strong evidence 
that the irreversible inhibition of the enzyme is due to alkylation at the cardio- 
tonic steroid site. 
We have just accomplished the synthesis of hellebrigenin 3-[2-3H] iodoace- 
tate  (HIA-~H),  and  as  discussed  above,  the  Na-K  ATPase  has  been  solu- 
bilized and partially purified. When the partially purified soluble enzyme is 
reacted with HIA-3H only about ~0th as much background  labeling of the 
enzyme is  observed as was previously observed with SBA-14C,  under condi- 
tions in which about 40 % of the Na-K ATPase is alkylated. This labeling is 
within an order of magnitude of the theoretical number of cardiotonic steroid 
sites. With the use of HIA-"H we feel that it should now be possible to isolate 
a  subunit from the Na-K ATPase containing the cardiotonic steroid site and 
to determine many of its properties. 
A  MODEL  FOR  THE  ROLE  OF  THE  NA-K  ATPASE  IN  NA 
AND  K  TRANSPORT 
A  working hypothesis now held by many concerning the functioning of the 
Na-K ATPase in Na and K  transport  is  that  in the presence of  MgATP,  Na 
and K, the enzyme, which has a molecular weight sufficiently  large  to span 
the thickness  of  the membrane,  undergoes a series  of  conformational changes 
which effects  the translocation  of  Na from the inner surface  of  the membrane 
to its  outer surface  and the translocation  of K  from the outer surface  of the 
membrane  to  its  inner surface.  It is  likely  that  the phosphorylation  of  the glu- 
tamyl residue,  followed by the dephosphorylation of  the glutamyl phosphate, 
is a transducer  mechanism  which effects  the conformational  changes.  The 
working hypothesis currently  held in  our Laboratory (23),  is  shown in Fig.  8. 
It  is  very  similar  to  that  presented by  Albers  et  al (24).  According to  the  model 
shown  in  Fig.  8  the Na-K  ATPase exists  in  essentially two  conformational 
forms:  (a)  form  1,  in  which  the  glutamyl residue is  dephosphorylated  and 
cation-binding sites, which have a much higher affinity for Na than for K, are 
accessible only to  the intracellular compartment; and  (b)  form 2,  in  which 
the glutamyl residue is phosphorylated and cation-binding sites, which  have 
a much higher affinity for K  than for Na, are accessible only to the extracellu- 
lar compartment. The overall mechanism of the coupled mechanism of Na 
and K  transport would proceed as follows. We may start with the form in the 
upper part of the diagram. In this form, which would be form 1, the glutamyl 
residue is dephosphorylated, and the binding sites are accessible to the inside 34  °  s  TRANSPORT  ADENOSINE  TRIPHOSPHATASE 
only and have a high affinity for Na. Na binds to these sites,  and, as has been 
experimentally demonstrated,  the  binding  of Na  to  the  dephosphorylated 
form of the enzyme activates the phosphorylation of the glutamyl residue by 
ATP.  According to hypothesis the phosphorylated form  of the enzyme will 
have binding sites facing outward, so it is postulated that by some conforma- 
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FIOURE 8.  A model for the role of the Na-K ATPase in the coupled transport of  Na and 
K across the membrane. The different steps in the over-all transport of Na and K are 
shown by the cycle  of conversions  of different  forms  of the Na-K ATPase molecule,  which 
spans the thickness  of the membrane. For convenience  in presentation the diagram of the 
cycle is also used to portray the intercellular and extracellular compartments. Form 1 of 
the Na-K ATPase molecule,  referred to in the text, is at the top of the figure, and fo~'m  2, 
also referred to in the text, is at the bottom of the figure. 
tional change in the Na-K ATPase the Na sites will be made accessible to the 
outside only and concomitantly these sites will be converted from Na specific to 
K  specific. Na will therefore exchange with K. As has also been experimentally 
demonstrated,  K  activates dephosphorylation of the  glutamyl-?-phosphate 
residue.  According to hypothesis the dephosphorylated form of the  enzyme 
will have cation-binding sites  accessible to  the  inside  compartment only so 
there will be a  conformational change in the enzyme, translocating the K  to 
the  inside  and  concomitantly converting these  sites  from K  specific  to  Na LOWELL E.  HOKIN  Molecular Characterization of Sodium-Potassium Transport  341  s 
specific. K  will therefore exchange with Na on the inside surface of the mem- 
brane completing the cycle. In the scheme in Fig.  8  we have postulated three 
Na and three K  transported per ATP.  In the erythrocyte it appears that the 
ratios  are  more closely three Na  per ATP  and  two  K  per ATP  (25,  26).  If 
this is so it must be postulated either that differing leaks to the two cations or 
the movement of other ions compensate for this lack of overall stoichiometry. 
There are several indications that the Na-K ATPase undergoes  conforma- 
tional  changes.  For  example,  several  examples  of  allosterism  have  been 
demonstrated with the enzyme (27, 28). In addition there is evidence that the 
effects of ATP, K, and strophanthidin on the irreversible inhibition of the en- 
zyme by diisopropylfluorophosphate involves conformational changes (29, 30). 
Albers  (8)  has discussed  the data from his laboratory which have led him to 
postulate  several  conformational forms of the  enzyme.  However,  there is es- 
sentially no information on the types of conformational changes involved and 
this will be necessary to understand the details of the mechanism of Na and K 
transport  at  the  molecular level. This  type of information will  probably re- 
quire  complete purification  of the  enzyme,  which  still  has  not  been  accom- 
plished. 
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